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ABSTRACT The European Respiratory Society (ERS) International Congress is the largest respiratory
congress and brings together leading experts in all fields of respiratory medicine and research. ERS
Assembly 3 shapes the basic and translational science aspects of this congress, aiming to combine cutting-
edge novel developments in basic research with novel clinical findings. In this article, we summarise a
selection of the scientific highlights from the perspective of the three groups within Assembly 3. In
particular, we discuss new insights into the pathophysiology of the human alveolus, novel tools in
organoid development and (epi)genome editing, as well as insights from the presented abstracts on novel
therapeutic targets being identified for idiopathic pulmonary fibrosis.
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CONGRESS HIGHLIGHTS
BASIC AND TRANSLATIONAL SCIENCE
Group 3.1. molecular pathology and functional genomics
The pathophysiology of the human lung alveolus
One of the basic science highlights of the European Respiratory Society (ERS) International Congress 2018
in Paris was the hot topic symposium “The pathophysiology of the human lung alveolus”. In this session
four expert speakers presented their recent scientific advances in lung development, repair and
regeneration, published as high-impact papers in 2018, to the general respiratory community.
In the first talk, NIKOLIĆ et al. [1, 2] presented their work on human lung development. Until recently,
most of our knowledge of lung development was based almost exclusively on mouse studies. Molecular
studies using human embryonic and fetal lungs were surprisingly rare. Studying normal human lung
development on a molecular and cellular level is an essential part of regenerative medicine and meaningful
translational studies, with recent evidence suggesting that events in embryonic development contribute to
some adult lung diseases later in life [3]. As lung transplantation is a high-risk procedure for a minority of
patients with a 5-year survival rate of only 54% [4], there is an urgent need to develop new treatment
strategies for patients with end-stage respiratory failure. The most important epithelial stem population in
the developing lung is found within the branching tip, and gives rise to all the various epithelial cell types
in the adult lung, including alveolar and bronchiolar cells [5]. Expression of specific classical markers
identified from mouse lung development were shown to be slightly different in human embryonic tip cells
[2, 6, 7], and a wider comparison between mouse and human lung bud tip stem cells found that 96% of
orthologous genes were shared, but that there were various differences which are likely to have functional
consequences [2]. Self-renewal and differentiation of organoid three-dimensional (3D) culture of these
lung bud tip stem cells from human fetal lung tissue was achieved by using a human-specific combination
of growth factors and signalling inhibitors [2, 6], with a different combination of growth factors required
for mouse tip stem cell renewal [8]. This supports the finding that the transcriptional differences between
mouse and human are functionally relevant. The organoid culture system provides a novel tool for
studying human lung development in vitro. Other culture systems include the use of alginate beads [9, 10],
culture of lung explants [11–16], culture in the mouse kidney capsule [2, 17–19] and co-culture with
matrix-embedded fibroblasts [20]. Such methods allow study of the virtually unexplored period of human
lung development after 20 weeks of development, by using less than 20-week-old lung tissue and maturing
it to a developmental stage at which conditions such as bronchopulmonary dysplasia can be studied.
Next, Melanie Königshoff discussed the role of the WNT pathway in initiating alveolar repair in chronic
obstructive pulmonary disease (COPD). This was studied by using fresh human lung tissue from surgical
samples and then cutting it into precision-cut lung slices [21]. Subsequent 3D culture showed that WNT
activation led to increased expression of both type 1 and type 2 alveolar cell markers; with more severe
emphysematous disease, this occurred to a lesser degree. Lung repair in the adult COPD lung was
associated with a reduction in WNT/β-catenin signalling in the alveolus, and activation of the WNT/
β-catenin pathway was found to initiate alveolar repair in both mouse and patient-derived lung tissue ex
vivo. Tight regulation of WNT/β-catenin signalling was found to be required for alveolosphere formation.
While WNT signalling can activate alveolar repair in vitro, in vivo studies failed to show similar results.
WNT signalling comprises a canonical β-catenin dependent and a noncanonical β-catenin independent
signalling pathway. The Königshoff laboratory showed that noncanonical WNT5A is secreted by
fibroblasts and that its expression is higher in human COPD [22], and also increases with age. This switch
from canonical to noncanonical WNT signalling also occurs in haematopoietic stem cell ageing [23].
Furthermore, WNT5A inhibits canonical WNT signalling in alveolar epithelial cells and compromises
alveolar epithelial cell function [22]. Hence, it was concluded that canonical signalling is required for
development and normal adult lung homeostasis, whereas in lung diseases such as emphysema, canonical
WNT signalling is disrupted. Therapeutic intervention would require the release of WNT5A-driven WNT/
β-catenin inhibition followed by activation of the canonical WNT/β-catenin pathway.
Anjali Jacob discussed the use of induced pluripotent stem cells (iPSCs) to model the human lung alveolar
epithelium [24]. The discovery of iPSCs [25] allowed the possibility of producing isogenic, patient-specific
mature lung epithelial cells that could be used for disease modelling, drug discovery and cell-based
therapy. Cell cultures can be guided from the pluripotent stem cell stage to alveolar epithelium by
recapitulating normal development in a stepwise process termed directed differentiation. Specifically,
surfactant producing type 2 alveolar cells (AEC2s) have been implicated in various lung diseases, such as
interstitial lung diseases (ILDs) and COPD, making iPSC-derived AEC2s a useful tool to study alveolar
diseases. The directed differentiation protocol into functional lamellar body-like containing,
surfactant-secreting and fetal-like SFTPC+ AEC2 takes at least 28 days. WNT activation was required for
efficient production of SFTPC+ distal lung progenitors, but later on a withdrawal of WNT activation
increased the expression of SFTPC+ AEC2 progenitors, illustrating that WNT signalling has different
effects on various stages of the differentiation process.
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Surfactant protein B deficiency, which causes lethal neonatal respiratory distress, was shown as an example
of how iPSC-derived AEC2 cells could be used for disease modelling. Dermal fibroblasts from a patient
with SFTPB-deficiency were reprogrammed into iPSCs and then the 121ins2 mutation was corrected by
gene editing; subsequently, the gene-corrected iPSCs were differentiated into SFTPB-expressing and
lamellar-body containing alveolospheres.
In addition to their use in disease models, human iPSCs can also be used to study human lung
development, and thus complement studies with primary cells from human embryonic and fetal lungs.
Furthermore, this provides an opportunity for improved maturation and validation of iPSC-derived
alveolar cells.
Finally, William Zacharias completed the session by presenting an important study regarding the
regeneration of the lung alveolus after diffuse lung injury, which is a complex and not uniform
regionalised process in which the exquisitely organised alveolar architecture must be regenerated [26] and
probably involves different models of regeneration processes. There are three cell types which are thought
to be involved in alveolar regeneration: 1) in a mouse model of influenza injury, Sox2+ lineage negative
epithelial cells delaminate from the airway, and migrate distally to create Krt5+ pods in the distal lung as a
result of hypoxia, but are unable to recover a normal alveolar structure [26, 27]; 2) the bronchoalveolar
stem cell that is present in the bronchoalveolar duct junction which gets activated after influenza injury
and in vitro can be differentiated to both proximal and distal lineages [28, 29]; and 3) the AEC2 cell is the
major stem cell in the alveolus, as it can both self-renew and differentiate into type 1 cells [30]. A
WNT-responsive subpopulation within the AEC2 population, termed alveolar epithelial progenitor (AEP)
[31, 32], acts as a major facultative progenitor cell in the distal lung which can differentiate and regenerate
injured alveolar epithelium after influenza infection [32]. In addition, AEPs can be isolated by a specific
cell surface marker and grown as 3D organoids in both human and mouse for further functional analysis [32].
Group 3.2. airway cell biology and immunopathology
Organoids, pluripotent stem cells and epigenetic editing
This scientific symposium summarised the latest research on the use of organoids for drug screening and
research, but also on novel tools to modify the genome and epigenome for therapeutic purposes. It was
composed of five expert speakers showing their latest research in this field.
Jeffrey M. Beekman and his co-workers presented the advantages of using intestinal organoids as ex vivo
models for personalised medicine in cystic fibrosis (CF). CF is a monogenetic disease characterised by
mutations in a gene encoding an epithelial chloride channel (the cystic fibrosis transmembrane
conductance regulator (CFTR)) causing thick mucus accumulation and resulting in increased susceptibility
to infections [33]. The standard clinical end-points are currently spirometry (forced expiratory volume in
1 s (FEV1)) and sweat chloride concentration (SCC). Both of these are influenced by non-CFTR
dependent factors, including environmental and genetic factors. These end-points have been useful for
differential diagnosis, but it is essential to develop novel models for establishment of drug efficacy in
individual patients. To this end, Beekman and co-workers used the intestinal organoid model, which is
derived from easily accessible rectal biopsies and can thus be obtained from every individual. Moreover,
organoids can be cultured for at least several months, recapitulating essential tissue features in a
self-organising system. An in vitro forskolin-induced organoid swelling (FIS) assay, mediated by
cAMP-dependent chloride pumping into the lumen, allowed for prospective drug screening with high
predictive value, being fully CFTR-dependent [34, 35]. This FIS assay was used for: 1) in vitro typing of
CFTR function in a newborn cohort; and 2) in vitro assessment of therapeutic response using multiple
modulators in different CFTR genotypes [36]. Their work demonstrated that both the in vivo
measurement of SCC and the in vitro FIS assay are able to distinguish CF phenotypes in the same way,
but only FIS allows the identification of the most severe cases [36]. In addition, they observed exciting
correlations between changes in FEV1 or SCC in vivo and changes in organoid swelling in vitro [36].
However, the two in vivo parameters did not correlate. They propose innovative CF care by generating
organoids as living biobanks that allow for personalised scientific studies with better clinical care.
Other lung diseases, such as COPD or ILDs can unfortunately not be diagnosed with such an
organoid-based system, due to the current lack of a functional readout. However, work presented by
Melanie Königshoff and colleagues showed the suitability of lung organoids for studying signalling
pathways involved in lung development, injury and repair. In both diseases epithelial damage is evident,
and diminished epithelial progenitor renewal and regeneration is thought to contribute to a disturbed lung
repair. Thus, their work aims to use alveolar organoids to gain insight into mechanisms underlying
disease, and also to understand molecular events that control and drive normal repair in order to develop
novel therapies [37–39]. Königshoff and colleagues used organoids derived from Epcam+ epithelial
progenitors of murine lung tissue, supported by the addition of fibroblasts to the culture. Fibroblasts are
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essential for organoid formation, although their exact role is still unclear [30, 40]. As explained above,
WNT/β-catenin signalling is involved in many aspects of lung development [41] and is also implicated in
abnormal repair responses [42–45]. To study β-catenin activity, they used a TCF/Lef-driven green
fluorescent protein (GFP) reporter and sorted GFP high and low cells and assessed the role of WNT/
β-catenin signalling in organoid formation. The colony forming efficiency of organoid formation was
analysed by assessing total nuclei per sphere and the percentage of proliferative, Ki67+ cells per sphere, as
well as expression of several differentiation markers. Interestingly, WNT/β-catenin signalling was involved
in both alveolar and airway organoid initiation, but WNT was not necessary for their proliferative
expansion. This may have important implications for COPD and specifically emphysema, as the activation
of WNT/β-catenin signalling may thus be able to initiate or improve disturbed repair responses in the lung
tissue of COPD patients. In addition, their recently published work suggests that regulation of retinoic acid
signalling is essential for epithelial progenitor growth and differentiation during lung repair processes [46].
Besides the development of new disease models, the development of novel molecular biology tools is
rapidly emerging. During this session, Patrick Harrison discussed the relatively new technology to modify
genomes using the clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein 9 (Cas9) system. This complex of bacterial origin consists of the Cas9 protein,
an exonuclease producing double strand DNA breaks, and a single guide RNA directing the Cas9 protein
to a specific location in the genome [47]. Thus, in theory gene modifications can be induced by simply
designing a single guide RNA for the gene of interest, and by adding a modified gene construct that will
be incorporated into the DNA at the location of interest after the double strand break by homologous
recombination. Depending on the envisaged effect, entire genes can be deleted, super-exon donors can be
inserted to activate gene expression or single base pairs can be edited to correct mutations [48]. This very
promising technology is currently mainly being investigated for the correction of monogenetic diseases,
such as α1-antitrypsin deficiency (AATD). In one recent study, the authors have attempted to correct the
AATD-causing amino acid substitution of a glutamine residue to a lysine residue in a mouse model using
an adeno-associated vector system. Of note, even if the efficacy of gene editing in the cells was rather low
(∼5%), it resulted in a functional effect and increased levels of α1-antitrypsin in blood [49]. Although the
first studies using CRISPR-Cas9 for genome modification seem encouraging, one has to keep in mind that
the safety of this technology for use to treat human disease is not yet clarified and recent reports about
CRISPR-Cas9 off-target effects (extensively reviewed in [50] further indicate the need for caution in
pushing this new technology to clinical studies.
Another intriguing application for the CRISPR-Cas9 system that was presented by Marianne Rots and
co-workers is epigenetic editing. As compared with genome editing, epigenetic editing does not aim to
introduce permanent alterations of the genome, but rather to correct aberrant epigenetic marks, in order
to influence the expression or function of a specific gene. Epigenetic marks are defined as transient but
mitotically stable changes to the DNA molecule, but not its sequence [51]. Mainly, these include DNA
methylation, histone modifications (post-translational modifications such as acetylation of methylation)
and non-coding RNAs [52]. Epigenetic marks have been described to be influenced by the environment (e.g.
smoking) [53] and their alterations have been associated with many diseases to date, including COPD [52].
This has led to the development of a new therapeutic approach to correct these aberrant marks in order to
restore or silence target gene expression, so-called epigenetic editing. In principle, an epigenetic editor
consists of an epigenetic enzyme (such as a DNA-methyltransferase) and a DNA-targeting system to bring
this editor to a specific location in the genome [54]. Thus, it is not surprising that the discovery of
CRISPR-Cas9 has also revolutionised the field of epigenetic editing, due to the ease of targeting specific
genomic regions. For this purpose, a deactivated Cas9 protein is used as double strand breaks are not
needed for epigenetic editing; indicating a possible advantage in terms of safety and prevention of
off-target effects. In one proof of principle study that identified methylation marks in the transcription
factor SAM pointed domain containing ETS transcription factor, a major regulator of mucus secretion, in
airway epithelial cells of patients with COPD [55], correction of those marks in human lung cell lines by
epigenetic editing was able to reduce the mucus production [56]. However, as discussed above there is a
need for further studies assessing the safety and in vivo efficacy of CRISPR-Cas9 based systems, and also
to optimise delivery to primary cells [52].
Most of the research discussed above has been performed in in vitro models of single cell types or
multicellular organoids. Thus, the last talk of this session, given by Martin Stampfli, focused on the
optimisation of animal models for respiratory research. The presentation reflected the results of the ERS
task force TF-2014-05 chaired by Martin Kolb and Philippe Bonniaud. The objectives of this task force
were to provide a better understanding of the complexity of animal models, to improve scientific quality
and efficacy, to avoid unethical animal research, to reduce research costs in experimental pulmonology,
and to educate young scientists about proper design, with the right approach for the right question as well
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as execution, and interpretation of findings from animal models [57]. The final aim was to move towards
the three Rs in animal experimental models: replace, reduce and refine. The results have recently been
published as an ERS statement “Optimising experimental research in respiratory diseases” [57]. The
purpose of the document is to provide guidelines to improve animal models in the respiratory medicine
field. Asthma, pneumonia, COPD and idiopathic pulmonary fibrosis (IPF) are chronic diseases for which
animal models are being used to gain insight into their pathogenesis and novel treatment options.
However, the use of animal models is not always justified and the approach is often not appropriate. Many
models have studied the effect of treatments as prevention, in diseases where that prophylactic treatment is
not feasible in clinical practice, and a therapeutic intervention is what should be sought. An example of
this is the bleomycin model for IPF that had been used since 1980 mainly for preventive treatment
approaches, but was redirected for therapeutic intervention after 2007, which lead to successful
applications in clinical practice [58–60]. It is of utmost importance to understand the similarities but also
the differences between humans and animal models, as mechanistic pathways observed in vitro might not
be replicable in vivo. Thus, the use of multiple models is recommended to facilitate reliable conclusions as
there is no model that reflects every condition in the clinic and one has to take the weaknesses and errors
of the individual model into account.
Group 3.3 mechanisms of lung injury and repair
New insights into the signalling pathways that underlie IPF pathophysiology
Besides the use and development of novel models for respiratory disease, important findings relating to
newly discovered novel therapeutic agents were discussed in an oral presentation session of scientific
abstracts in Paris. As discussed above, IPF pathogenesis is a process of excessive lung tissue repair in
response to injury that is considered a failure of normal tissue regeneration [61]. IPF is considered the
most fatal and common disease among the ILDs [62], with a mean survival rate of 3.8 years [63]. Novel
advances in understanding IPF pathophysiology, such as new insights into signalling pathways and
mechanisms are the prerequisite for the development of novel therapies. Thus, the most important
findings from presented abstracts in Paris are summarised in the following sections and grouped based on
whether they relate to collagen deposition, metabolic dysfunction, extracellular vesicles or cellular
senescence.
Collagen deposition
Fibroblast proliferation, migration and differentiation are described as central players that promote
collagen deposition in IPF lungs [63]. The abstracts presented in Paris explored collagen deposition in IPF
lungs through the following signalling pathways: 1) paired related homeobox 1 (PRRX1) transcription
factor [64], 2) FK506-binding protein 10 (FKBP10) [65], and 3) activator protein 1 (AP-1) transcription
factor Fra-2 [66].
In IPF, lung fibroblasts are known to express increased levels of activated transforming growth factor
(TGF)-β that enhances matrix metalloproteinase production and promotes collagen deposition [67]. At the
congress, fibroblast activation via transcription factor expression and collagen deposition in fibrotic lungs
was discussed, which contributes to enhanced lung matrix stiffness. One of the abstracts showed PRRX1
transcription factor as a modulator of fibroblast proliferation, migration and differentiation [64]. Another
abstract identified an increase of the transcription factor AP-1/Fra-2 in macrophages by RNA sequencing
of lungs of a mouse model for bleomycin-induced lung fibrosis model [66]. Fra-2 expression was also
associated with increased expression of collagen VI in the lungs of IPF patients [66]. Another abstract in
the session showed that knockdown of FKBP10 attenuated the expression of collagens I and IV, thereby
reducing fibroblast migration [65, 68, 69]. In line with this, FKBP10 is upregulated in IPF lungs [69].
Taken together, these three ERS abstracts showed new possible signalling pathways to target lung fibroblast
phenotype and function, as well as matrix collagen deposition. However, more comprehensive studies
describing the different types of collagen proteins, such as collagen IV, and their functional implication in
the extracellular matrix deposition and their applicability to patients are warranted.
Metabolic dysfunction
Another important pathway driving IPF pathogenesis is metabolic cell dysfunction, which mediates
fibroblast activity and death mechanisms [70]. Besides the epithelial–mesenchymal transition being
suggested as a player in IPF pathogenesis, catalytic activity of fibroblasts may also contribute to lung
fibrosis [71]. In particular, receptor tyrosine kinases and mitogen-activated protein kinases are suggested to
play a role in fibrosis development. At the 2018 ERS congress the following signalling pathways involved
in the metabolic changes in IPF were discussed: 1) growth hormone-releasing hormone (GHRH) [72], 2)
MAP kinase phosphatase 5 (MKP5) [73], and 3) glutathione peroxidase 4 (GPX4) [74].
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Mitochondrial dysfunction has been demonstrated to be increased in the plasma and bronchoalveolar
lavage of IPF patients [75], which might regulate lung mesenchymal cell injury [76]. One study presented
in Paris showed that GHRH is increased in the bleomycin-induced lung fibrosis model, and its
antagonism decreases fibrosis by reduced expression of transcription factor 3 (STAT3) and nuclear factor
(NF)-κB [72]. Moreover, another abstract from this session revealed decreased lung fibrosis by attenuation
of TGF-β signalling in MAP kinase phosphatase 5 (MKP5) knockout mice [73]. Accordingly, the abstract
presented by TSUBOUCHI et al. [74] from Japan showed TGF-β expression in IPF lungs induces lipid
peroxidation and myofibroblast differentiation. In summary, these three abstracts showed the involvement
of fibroblast metabolic dysfunction in IPF and suggest future research on this topic to develop novel
therapies. Metabolic changes in IPF may suggest an interesting mechanism of cell damage, which can
contribute to the matrix stiffness occurring in pulmonary fibrosis and can thus serve as a potential
treatable trait.
Extracellular vesicles
In this new era of cellular communication, extracellular vesicles have gained important attention in the
context of several lung diseases, including IPF pathophysiology [77]. Extracellular vesicles (EVs) are
cell-free membrane structures that facilitate intracellular communication by allowing cells to exchange
proteins, genetic material and lipids via vesicle trafficking. They can be roughly divided into three types:
exosomes, microvesicles and apoptotic bodies [77], based on their size and cellular origin. The most
extensively studied exosomes are ∼50–150 nm in size, are derived from the endosome and have therefore
been characterised by enrichment of tetraspanin membrane proteins, such as CD9, CD63, and CD81. EVs
also contain DNA, RNA and a variety of non-coding RNAs, which can be functionally transferred to a
recipient cell [78]. At the ERS congress, recent findings on EV contribution to pulmonary fibrosis from
human studies and mouse models were presented in abstracts [79]. EVs were reported to be increased in
human lung pulmonary fibrosis, thereby inducing changes in fibroblasts function in IPF [79, 80]. In this
study, exosomes were increased in the bronchoalveolar lavage of mice with bleomycin-induced fibrosis, as
well as in IPF patients. In addition, the proliferation of human lung fibrotic fibroblasts was increased upon
co-cultivation with exosomes. The observation that antibody-mediated neutralisation of WNT-5A,
accompanied by EV destruction, decreased the fibroblast proliferation in this co-cultivation supported a
role of the WNT-5A signalling pathway herein [79, 80]. Another abstract from this session showed that
collagen IV is increased in EVs in a mouse model of pulmonary fibrosis [66]. EVs are of strong interest in
tissue repair and regeneration and exosomes have already been shown to be a targetable pathway in IPF as
they are associated with matrix deposition, and disease severity [79–81].
Cell senescence
Most patients diagnosed with IPF are usually older than 50 years and cell senescence has been
demonstrated to contribute to IPF disease development [82]. Cell senescence markers, such as
senescence-associated β-galactosidase, P21, cyclin dependent kinase inhibitor 2A (P16-INK4a) and DNA
damage response have been demonstrated to be increased in injured epithelial cells in IPF [83]. Similarly,
one of the abstracts in this session discussed p16 as a regulator of ageing-related diseases [84]. In this
study, P16-INK4a knock-out mice were shown to protect epithelial alveolar type 2 cell injuries, collagen
deposition and myofibroblast differentiation in fibrosis [84]. Thus, this pathway might be a promising
target for IPF and other ageing-related diseases which affect the lung, such as COPD. Thus, cell senescence
in IPF represents a good example of a disease target for the development of therapeutics.
Future perspectives in IPF signalling pathways
Newly identified mechanisms and the underlying signalling pathways associated with the pathophysiology
of IPF are emerging from bench-to-bedside studies and vice versa. This new knowledge is being used to
improve disease characterisation and patient phenotyping, thereby ultimately leading to personalised
treatments. In addition, a comprehensive understanding of molecular, genetic and functional players
involved in the pathophysiology of IPF will help to find new therapeutic targets, thereby improving
translational medicine and patients’ treatment.
Summary
In summary, basic science is becoming increasingly visible at the annual ERS International Congress.
Importantly this brings recent developments in basic science to a largely clinical audience and thereby
provides a platform to discuss the translational value of recent studies in order for scientists and clinicians
to jointly develop novel therapeutic approaches.
https://doi.org/10.1183/23120541.00194-2018 6
BASIC AND TRANSLATIONAL SCIENCE | M.Z. NIKOLIĆ ET AL.
Conflict of interest: M.Z. Nikolić has nothing to disclose. E.M. Garrido-Martin is a member of Bristol Myers Squibb’s
scientific advisory board, outside the submitted work. F.R. Greiffo has nothing to disclose. A. Fabre has nothing
to disclose. I.H. Heijink has nothing to disclose. A. Boots has nothing to disclose. C.M. Greene has nothing to disclose.
P.S. Hiemstra reports research grant to his department from Boehringer Ingelheim and Galapagos, outside the
submitted work. S. Bartel reports grants and personal fees from Bencard Allergie GmbH, outside the submitted work.
Support statement: E.M. Garrido-Martin and S. Bartel are supported by a Marie Curie Post-doctoral Research
Fellowship (RESPIRE3) from the European Respiratory Society and the European Union’s H2020 research and
innovation programme (Marie Sklodowska-Curie grant agreement No. 713406). M.Z. Nikolić is supported by a
Rutherford Fund Fellowship allocated by the “Medical Research Council and the UK Regenerative Medicine Platform
(MR/5005579/1)”.
References
1 Nikolić MZ, Sun D, Rawlins EL. Human lung development: recent progress and new challenges. Development
2018; 145: dev163485.
2 Nikolić MZ, Caritg O, Jeng Q, et al. Human embryonic lung epithelial tips are multipotent progenitors that can
be expanded in vitro as long-term self-renewing organoids. Elife 2017; 6.
3 Hobbs BD, de Jong K, Lamontagne M, et al. Genetic loci associated with chronic obstructive pulmonary disease
overlap with loci for lung function and pulmonary fibrosis. Nat Genet 2017; 49: 426–432.
4 Thabut G, Mal H. Outcomes after lung transplantation. J Thorac Dis 2017; 9: 2684–2691.
5 Rawlins EL, Clark CP, Xue Y, et al. The Id2+ distal tip lung epithelium contains individual multipotent embryonic
progenitor cells. Development 2009; 136: 3741–3745.
6 Miller AJ, Hill DR, Nagy MS, et al. In vitro induction and in vivo engraftment of lung bud tip progenitor cells
derived from human pluripotent stem cells. Stem Cell Reports 2018; 10: 101–119.
7 Danopoulos S, Alonso I, Thornton ME, et al. Human lung branching morphogenesis is orchestrated by the
spatiotemporal distribution of ACTA2, SOX2, and SOX9. Am J Physiol Lung Cell Mol Physiol 2018; 314:
L144–L149.
8 Nichane M, Javed A, Sivakamasundari V, et al. Isolation and 3D expansion of multipotent Sox9+ mouse lung
progenitors. Nat Methods 2017; 14: 1205–1212.
9 Sucre JMS, Wilkinson D, Vijayaraj P, et al. A three-dimensional human model of the fibroblast activation that
accompanies bronchopulmonary dysplasia identifies Notch-mediated pathophysiology. Am J Physiol Lung Cell Mol
Physiol 2016; 310: L889–L898.
10 Wilkinson DC, Alva-Ornelas JA, Sucre JMS, et al. Development of a three-dimensional bioengineering technology
to generate lung tissue for personalized disease modeling. Stem Cells Transl Med 2017; 6: 622–633.
11 Brennan SC, Wilkinson WJ, Tseng H-E, et al. The extracellular calcium-sensing receptor regulates human fetal
lung development via CFTR. Sci Rep 2016; 6: 21975.
12 Haitchi HM, Bassett DJP, Bucchieri F, et al. Induction of a disintegrin and metalloprotease 33 during embryonic
lung development and the influence of IL-13 or maternal allergy. J Allergy Clin Immunol 2009; 124: 590–597.
13 Han RNN, Post M, Tanswell AK, et al. Insulin-like growth factor-I receptor-mediated vasculogenesis/angiogenesis
in human lung development. Am J Respir Cell Mol Biol 2003; 28: 159–169.
14 Mishra R, Benlhabib H, Guo W, et al. Developmental decline in the microRNA 199a (miR-199a)/miR-214 cluster
in human fetal lung promotes type ii cell differentiation by upregulating key transcription factors. Mol Cell Biol
2018; 38: e00037-18.
15 Rajatapiti P, de Rooij JD, Beurskens LWJE, et al. Effect of oxygen on the expression of hypoxia-inducible factors
in human fetal lung explants. Neonatology 2010; 97: 346–354.
16 Mendelson CR, Gao E, Young PP, et al. Transcriptional regulation of the surfactant protein-A gene in fetal lung.
Chest 1997; 111: 96S–104S.
17 De Paepe ME, Chu S, Hall S, et al. The human fetal lung xenograft: validation as model of microvascular
remodeling in the postglandular lung. Pediatr Pulmonol 2012; 47: 1192–1203.
18 Maidji E, Kosikova G, Joshi P, et al. Impaired surfactant production by alveolar epithelial cells in a SCID-hu lung
mouse model of congenital human cytomegalovirus infection. J Virol 2012; 86: 12795–12805.
19 Pavlovic J, Floros J, Phelps DS, et al. Differentiation of xenografted human fetal lung parenchyma. Early Hum Dev
2008; 84: 181–193.
20 Sucre JMS, Jetter CS, Loomans H, et al. Successful establishment of primary type ii alveolar epithelium with 3D
organotypic coculture. Am J Respir Cell Mol Biol 2018; 59: 158–166.
21 Uhl FE, Vierkotten S, Wagner DE, et al. Preclinical validation and imaging of Wnt-induced repair in human 3D
lung tissue cultures. Eur Respir J 2015; 46: 1150–1166.
22 Baarsma HA, Skronska-Wasek W, Mutze K, et al. Noncanonical WNT-5A signaling impairs endogenous lung
repair in COPD. J Exp Med 2017; 214: 143–163.
23 Florian MC, Nattamai KJ, Dörr K, et al. A canonical to non-canonical Wnt signalling switch in haematopoietic
stem-cell ageing. Nature 2013; 503: 392–396.
24 Jacob A, Morley M, Hawkins F, et al. Differentiation of human pluripotent stem cells into functional lung alveolar
epithelial cells. Cell Stem Cell 2017; 21: 472–488.e10.
25 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006; 126: 663–676.
26 Vaughan AE, Brumwell AN, Xi Y, et al. Lineage-negative progenitors mobilize to regenerate lung epithelium after
major injury. Nature 2015; 517: 621–625.
27 Xi Y, Kim T, Brumwell AN, et al. Local lung hypoxia determines epithelial fate decisions during alveolar
regeneration. Nat Cell Biol 2017; 19: 904–914.
28 Kim CFB, Jackson EL, Woolfenden AE, et al. Identification of bronchioalveolar stem cells in normal lung and
lung cancer. Cell 2005; 121: 823–835.
29 Quantius J, Schmoldt C, Vazquez-Armendariz AI, et al. Influenza virus infects epithelial stem/progenitor cells of
the distal lung: impact on FGFR2b-driven epithelial repair. PLoS Pathog 2016; 12: e1005544.
https://doi.org/10.1183/23120541.00194-2018 7
BASIC AND TRANSLATIONAL SCIENCE | M.Z. NIKOLIĆ ET AL.
30 Barkauskas CE, Cronce MJ, Rackley CR, et al. Type 2 alveolar cells are stem cells in adult lung. J Clin Invest 2013;
123: 3025–3036.
31 Nabhan AN, Brownfield DG, Harbury PB, et al. Single-cell Wnt signaling niches maintain stemness of alveolar
type 2 cells. Science 2018; 359: 1118–1123.
32 Zacharias WJ, Frank DB, Zepp JA, et al. Regeneration of the lung alveolus by an evolutionarily conserved
epithelial progenitor. Nature 2018; 555: 251–255.
33 Rowe SM, Miller S, Sorscher EJ. Cystic fibrosis. N Engl J Med 2005; 352: 1992–2001.
34 Dekkers JF, Wiegerinck CL, de Jonge HR, et al. A functional CFTR assay using primary cystic fibrosis intestinal
organoids. Nat Med 2013; 19: 939–945.
35 Dekkers JF, van der Ent CK, Beekman JM. Novel opportunities for CFTR-targeting drug development using
organoids. Rare Dis (Austin, Tex) 2013; 1: e27112.
36 de Winter-de Groot KM, Janssens HM, van Uum RT, et al. Stratifying infants with cystic fibrosis for disease
severity using intestinal organoid swelling as a biomarker of CFTR function. Eur Respir J 2018; 52: 1702529.
37 Herriges M, Morrisey EE. Lung development: orchestrating the generation and regeneration of a complex organ.
Development 2014; 141: 502–513.
38 Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling development and disease using organoid
technologies. Science 2014; 345: 1247125–1247125.
39 Clevers H. Modeling development and disease with organoids. Cell 2016; 165: 1586–1597.
40 Barkauskas CE, Chung M-I, Fioret B, et al. Lung organoids: current uses and future promise. Development 2017;
144: 986–997.
41 Rock J, Königshoff M. Endogenous lung regeneration: potential and limitations. Am J Respir Crit Care Med 2012;
186: 1213–1219.
42 Baarsma HA, Königshoff M. “WNT-er is coming”: WNT signalling in chronic lung diseases. Thorax 2017; 72:
746–759.
43 Beers MF, Morrisey EE. The three R’s of lung health and disease: repair, remodeling, and regeneration. J Clin
Invest 2011; 121: 2065–2073.
44 Ota C, Baarsma HA, Wagner DE, et al. Linking bronchopulmonary dysplasia to adult chronic lung diseases: role
of WNT signaling. Mol Cell Pediatr 2016; 3: 34.
45 Skronska-Wasek W, Gosens R, Königshoff M, et al. WNT receptor signalling in lung physiology and pathology.
Pharmacol Ther 2018; 187: 150–166.
46 Ng-Blichfeldt J-P, Schrik A, Kortekaas RK, et al. Retinoic acid signaling balances adult distal lung epithelial
progenitor cell growth and differentiation. EBioMedicine 2018; 36: 461–474.
47 Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9 for genome engineering. Cell Cell
Press 2014; 157: 1262–1278.
48 Blenke E O, Evers MJW, Mastrobattista E, et al. CRISPR-Cas9 gene editing: delivery aspects and therapeutic
potential. J Control Release 2016; 244: 139–148.
49 Shen S, Sanchez ME, Blomenkamp K, et al. Amelioration of alpha-1 antitrypsin deficiency diseases with genome
editing in transgenic mice. Hum Gene Ther 2018; 29: 861–873.
50 Tsai SQ, Joung JK. Defining and improving the genome-wide specificities of CRISPR–Cas9 nucleases. Nat Rev
Genet 2016; 17: 300–312.
51 de Groote ML, Verschure PJ, Rots MG. Epigenetic editing: targeted rewriting of epigenetic marks to modulate
expression of selected target genes. Nucleic Acids Res 2012; 40: 10596–10613.
52 Wu D-D, Song J, Bartel S, et al. The potential for targeted rewriting of epigenetic marks in COPD as a new
therapeutic approach. Pharmacol Ther 2018; 182: 1–14.
53 Reik W. Stability and flexibility of epigenetic gene regulation in mammalian development. Nature 2007; 447:
425–432.
54 Cano-Rodriguez D, Rots MG. Epigenetic editing: on the verge of reprogramming gene expression at will. Curr
Genet Med Rep 2016; 4: 170–179.
55 Song J, Heijink IH, Kistemaker LEM, et al. Aberrant DNA methylation and expression of SPDEF and FOXA2 in
airway epithelium of patients with COPD. Clin Epigenetics 2017; 9: 42.
56 Song J, Cano-Rodriquez D, Winkle M, et al. Targeted epigenetic editing of SPDEF reduces mucus production in
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 2017; 312: L334–L347.
57 Bonniaud P, Fabre A, Frossard N, et al. Optimising experimental research in respiratory diseases: an ERS
statement. Eur Respir J 2018; 51: 1702133.
58 Moore B B, Lawson WE, Oury TD, et al. Animal models of fibrotic lung disease. Am J Respir Cell Mol Biol 2013;
49: 167–179.
59 Borzone G, Moreno R, Urrea R, et al. Bleomycin-induced chronic lung damage does not resemble human
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2001; 163: 1648–1653.
60 Moeller A, Ask K, Warburton D, et al. The bleomycin animal model: a useful tool to investigate treatment options
for idiopathic pulmonary fibrosis? Int J Biochem Cell Biol 2008; 40: 362–382.
61 Thannickal VJ, Zhou Y, Gaggar A, et al. Fibrosis: ultimate and proximate causes. J Clin Invest 2014; 124:
4673–4677.
62 Wells AU, Brown KK, Flaherty KR, et al. IPF Consensus Working Group. What’s in a name? That which we call
IPF, by any other name would act the same. Eur Respir J 2018; 51: 1800692.
63 Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med. 2018; 378: 1811–1823.
64 Marchal-Duval E, Froidure A, Jaillet M, et al. PRRX1 a pro-fibrotic mesenchymal transcription factor modulated
by remodeled microenvironment in IPF #5346. Eur Respir J 2018; 52: Suppl. 62, LSC-1067.
65 Knüppel L, Heinzelmann K, Lindner M, et al. FKBP10 regulates fibroblast migration via synthesis of collagen VI.
Eur Respir J 2018; 52: Suppl. 62, LSC-1054.
66 Ucero AC, Bakiri L, Suzuki M, et al. Collagen-producing macrophages can mediate lung fibrosis throughFra-2/
AP-1 expression. Eur Respir J 2018; 52: Suppl. 62, LSC-1216.
67 Fernandez IE, Eickelberg O. The impact of TGF-β on lung fibrosis: from targeting to biomarkers. Proc Am Thorac
Soc 2012; 9: 111–116.
https://doi.org/10.1183/23120541.00194-2018 8
BASIC AND TRANSLATIONAL SCIENCE | M.Z. NIKOLIĆ ET AL.
68 Knüppel L, Heinzelmann K, Lindner M, et al. FK506-binding protein 10 (FKBP10) regulates lung fibroblast
migration via collagen VI synthesis. Respir Res 2018; 19: 67.
69 Staab-Weijnitz CA, Fernandez IE, Knüppel L, et al. FK506-binding protein 10, a potential novel drug target for
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2015; 192: 455–467.
70 Rangarajan S, Bone NB, Zmijewska AA, et al. Metformin reverses established lung fibrosis in a bleomycin model.
Nat Med 2018; 24: 1121–1127.
71 Grimminger F, Günther A, Vancheri C. The role of tyrosine kinases in the pathogenesis of idiopathic pulmonary
fibrosis. Eur Respir J 2015; 45: 1426–1433.
72 Jackson RM, Ai L, Zhang C, et al. Growth hormone-releasing hormone receptor antagonist MIA-602 modulates
mouse lung inflammation and fibrosis due to bleomycin #5349. Eur Respir J 2018; 52: Suppl. 62, OA5349.
73 Tzouvelekis A, Xylourgidis N, Min K, et al. MKP-5 inhibition blunts fibrotic responses in-vitro and in-vivo
through negative regulation of TGFB1-induced smad3-signalling. Eur Respir J 2018; 52: Suppl. 62, OA5350.
74 Tsubouchi K, Araya J, Minagawa S, et al. Involvement of GPx4-regulated lipid peroxidation in IPF pathogenesis
#5351. Eur Respir J 2018; 52: Suppl. 62, OA5351.
75 Ryu C, Sun H, Gulati M, et al. Extracellular mitochondrial dna is generated by fibroblasts and predicts death in
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2017; 196: 1571–1581.
76 Yu G, Tzouvelekis A, Wang R, et al. Thyroid hormone inhibits lung fibrosis in mice by improving epithelial
mitochondrial function. Nat Med 2018; 24: 39–49.
77 Nana-Sinkam SP, Acunzo M, Croce CM, et al. Extracellular vesicle biology in the pathogenesis of lung disease.
Am J Respir Crit Care Med 2017; 196: 1510–1518.
78 Valadi H, Ekström K, Bossios A, et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat Cell Biol 2007; 9: 654–659.
79 Burgy O, Medina AM, Mayr CH, et al. Extracellular vesicles from broncho-alveolar lavage act on cellular behavior
during lung fibrosis. Eur Respir J 2018; 52: Suppl. 62, OA5352.
80 Martin-Medina A, Lehmann M, Burgy O, et al. Increased extracellular vesicles mediate wnt-5a signaling in
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2018; 198: 1527–1538.
81 Njock M-S, Guiot J, Henket MA, et al. Sputum exosomes: promising biomarkers for idiopathic pulmonary
fibrosis. Thorax 2018; 74: 309–312.
82 Selman M, López-Otín C, Pardo A. Age-driven developmental drift in the pathogenesis of idiopathic pulmonary
fibrosis. Eur Respir J 2016; 48: 538–552.
83 Lehmann M, Korfei M, Mutze K, et al. Senolytic drugs target alveolar epithelial cell function and attenuate
experimental lung fibrosis ex vivo. Eur Respir J 2017; 50: 1602367.
84 Zysman M, Ribeiro Baptista B, Giffard C, et al. p16ink4a deletion switches emphysema to fibrosis in mouse.
Eur Respir J 2018; 52: Suppl. 62, OA5353.
https://doi.org/10.1183/23120541.00194-2018 9
BASIC AND TRANSLATIONAL SCIENCE | M.Z. NIKOLIĆ ET AL.
